ABSTRACT: Larvae of the red king crab Paralithodes canltschatica were sampled with 5 replicate tows of a 1 0 m2 N
INTRODUCTION
The red king crabs of the eastern Bering Sea region of the North Pacific supported one of the most valuable fisheries on record until a decline in populations resulted in complete closure of the fishery in 1983 after 33 consecutive years of commercial fishing (Blau 1986 , Otto 1986 . Many investigations since then have attempted to explain the demise. The National Marine Fisheries Service annual trawl surveys and Alaska Department of Fish and Game pre-season pot surveys have not identified strong cohorts recruiting to the population (Blau 1986 , Incze et al. 1986 ).
Survival of meroplanktonic larvae determines recruitment success for many benthic species, and may depend on hydrographic variables, availabhty of food and predation. The match-mismatch hypothesis proposed for fish larvae suggests that the success or failure of a year-class results from spatial and/or temporal distribution of the larvae in relation to their principal food sources ( C u s h n g 1975 , Townsend & Cammen 1988 ). An important consideration in larval king crab survival may be the temporal relationship between hatching of crab larvae and the availability of food during the planktonic larval phase.
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The larval period of red lung crabs consists of 5 stages; 4 zoeal stages and a glaucothoe (Marukawa 1933) . Zoeal size and number and specialization of appendages increase with subsequent molts to later zoeal stages (Marukawa 1933 , Sato & Tanaka 1949a . The glaucothoe is similar in appearance to an adult crab except for the retention of the larval abdomen. Glaucothoe are planktonic before settling and molting to the first benthic instar crab. The intermolt period (time between successive larval molts) is influenced by water temperature, and ranges from 9 d at 8 "C to 24 d at 2 "C (Kurata 1960 , Nakanishi 1987 , Shirley & Shirley 1988a ). If food is a limiting factor, however, molting will not occur (Paul & Paul 1980) .
Ovigerous lung crabs incubate their eggs for ca l 1 mo (Marukawa 1933) , but water temperature affects the length of incubation in crabs and therefore determines when hatching occurs (Nakanishi 1987 . Small changes in temperature around 3 C" can result in large changes in incubation time (Shirley & Shirley 1988b) . In Auke Bay, Alaska, the phytoplankton bloom is triggered not by water temperature but by light (Ziemann et al. 1987) , and therefore is not temporally displaced by a change in temperature, as is hatching of crab eggs. Temperature variations there-S T E P H E N S fore may cause temporal asynchrony in hatching and availability of food, and may be especially critical if initial survival of larvae depends on phytoplankton as a major food source. Successful recruitment through larval metamorphosis and settlement of red king crabs may occur infrequently, producing a population that may be susceptible to depletion if adult stocks are overharvested.
In laboratory cultures, red king crabs feed on a variety of diets, usually mixtures of diatoms and crustacean nauplii (Sato & Tanaka 194913, Kurata 1959 , 1960 , Nakanishi & Naryu 1981 , Paul & Coyle 1986 . Diatoms have been observed in the digestive tracts of first stage king crab zoeae collected from the field (Marukawa 1933 pers. obs.). Newly hatched zoeae are thought to be primarily herbivorous with carnivory increasing in the later zoeal stages.
The spring phytoplankton bloom in Auke Bay consists of a pulse bloom and is primarily composed of the centric diatoms Thalassiosira aestivalis, Skeletonema costatum and Chaetoceros spp. (Sato 1986 , Laws et al. 1988 . In subarctic ecosystems, a significant percentage of the primary production for the year occurs during the initlal spring bloom (Allen 1971 , Goering et al. 1973a , although smaller blooms may subsequently occur.
Interannual variability in the relationship between the spring phytoplankton bloom and recruitment of commercially important fish and shellfish is the focus of a 5 yr research program of the University of Alaska Fairbanks and the Oceanic Institute (Hawaii) entitled the Association of Primary Production and Recruitment in Subarctic Ecosystems (APPRISE). The objective of this study, as part of APPRISE, was to address the hypothesis that interannual variablility of larval king crab survival and recuritment is related to the timing, duration, magnitude and/or species composition of the spring phytoplankton bloom, and/or physical factors in Auke Bay.
MATERIALS AND METHODS
All sampling was conducted in Auke Bay, Alaska, ca 20 km north of Juneau (58'22' N, 134"40f W) (Fig. 1) . Auke Bay is a partially enclosed embayment with an area of about 10 km2 in a system of fjords connected with the Pacific Ocean. Greater than 50 % of the bay is between 40 and 60 m depth and has a muddy substrate. Semidiurnal tides occur with amplitudes of 3 to 7 m. The bay supports a population of red king crabs that are exploited only by a local sport fishery.
Plankton samples were collected at a single station from March through September, 1985 to 1988, with a 1.0 m2 Tucker trawl equipped with 0.505 mm aperture mesh. The net was deployed in a double oblique trajectory to a depth of 35 m and the volume of water filtered was measured with a General Oceanics digital flowmeter. Five replicate samples were collected on each sampling date and fixed in 5 % formalin. Samples were collected weekly in 1986 through 1988, but every 2 wk in 1985. All samples were collected between 08:OO and 12:oo h.
The larvae and glaucothoe of red king crabs were enumerated, by stage, from the plankton samples using the criteria of Marukawa (1933) and Sato & Tanaka (1949a) . Densities were calculated and are reported as larvae per 100 m3 of water filtered. Samples were analyzed chronologically until king crab larvae were no longer present in the plankton for 2 consecutive sample periods.
Estimates of in situ mortality of king crab larvae were made using instar analysis (Rigler & Cooley 1974 , Hewitt et al. 1985 , Krebs 1985 . Alife table was constructed using the sum of means for each larval stage and calculating the mortality between stages using the equation:
where q = rate of mortality; X = larval stage; 11 = total number of stage X larvae observed in the plankton samples; d = number of larvae that die from stage X to X + l (n, -n,+ l ) (Krebs 1985) .
Hydrographic data, chlorophyll concentrations (mg mP2) and phytoplankton species composition data in Auke Bay were collected between 08:30 and 11:OO h twice weekly over the larval period by the Oceanic Institute (Sato 1986 , Ziemann 1986 , Ziemann et al. 1987 . Temperature data is reported a s the mean of temperatures at 10, 20, 30 and 40 m depths.
RESULTS
King crab larvae were present in the plankton for 56 + 13 d (f sampling interval), 104 k 6 d , 85 f 6 d , and 113 k 6 d in 1985, 1986, 1987 and 1988, respectively (Fig. 2) . Stage 1 zoeae appeared in the water Table 1 ). In 1986. a small increase in density followed by a decrease was evident on 25 April before the maximum density occurred. In 1988, the 3 maxima in density of stage 2 zoeae suggest 
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that an earlier maximum in stage 1 zoeal density occurred prior to our sampling. The initial stage 1 cohort can be followed through successive larval stages in all years (Fig. 3) . The maximum mean densities for stage 1 zoeae were 44.5 f 1.8, 29.6 f 1.7, 46.9 i 1.7 and 10.0 k 0.5 100 m-3 (mean f SE), for 1985, 1986, 1987 and 1988, respectively (Fig. 4 (Fig. 5) .
The phytoplankton community of Auke Bay is comprised of about 100 species, but less than 10 % are numerically important. The 3 most common genera are Chae toceros, Thalassiosira and Skeletonema, with Chaetoceros more abundant in secondary blooms (Sato 1986) . During March and early April, phytoplankton concentrations at pre-bloom levels are less than 100 mg chl m-2. A rapid increase in phytoplankton biomass follows with the maximum chlorophyll levels occurring during the last week of April or first week of May (Fig. 6) .
Maximum chlorophyll levels were measured on 25 April 1985,5 May 1986,4 May 1987 and 29 April 1988, at 659, 675, 1148 and 750 mg chl respectively (Sato 1986 , Ziemann et al. 1987 , Ziemann pers. comm.; Fig. 6 ). The spring blooms were generally simi- . . coincided with the spring phytoplankton bloom in Auke Bay (Fig. 6) . In 1986, the maximum density of stage 1 zoeae occurred after the bloom, although an earlier, smaller peak in density was coincident with the maximum chlorophyll concentration. In 1988, most of the larvae were released prior to the bloom.
DISCUSSION
Interannual variability was evident in many aspects Fig. 7 . Paralithodes camtschatica. Estimated percentages of of the larval life history of red king crabs in Auke Bay, red king crab larvae surviving through the zoeal stages (21 *laska, time hatching, larval density) through 24) to glaucothoe (G) in ~" k e Bay, 1985 to-l988 length of larval period and survival. lar in species composition except for the 1988 bloom, which was almost a pure culture of Thalassiosira (Ziemann pers. comm.) . Mortality estimates of king crab larvae varied over the 4 yr period ( Table 2) . Mortality between zoeal stages 1 and 2 was lowest in 1986, 23 %, and highest in 1988, 50 %. From zoeal stages 2 to 3, mortality ranged between 37 % in 1987 to 70 O/O in 1988. Mortality between stages 3 and 4 was lowest in 1988, 20 %, and highest in 1986, 5 3 %. The greatest mortality occurred between zoeal stage 4 and glaucothoe and varied little between years, 97 to 99 %. Mortality rates were similar between zoeal stages 1 through 4, but doubled from stage 4 to glaucothoe. Survival of king crab larvae to the glaucothoe stage varied from 0.7 to 3 % of the total number of stage 1 zoeae (Fig. 7, Table 2 ). However, settling of glaucothoe could cause estimates of mortality between stage 4 zoeae and glaucothoe to be artificially high. Estimated mortality from stage 1 to stage 4 zoeae may b e a more accurate index of larval survival. The estimated survival of king crab larvae from zoeal stages 1 to 4 varied from 12.6 to 14.9 O/O ( Table 2) . Survival from stages 1 to 4 was not calculated from 1985 data because the mortality estmate for stage 1 zoeae was missing.
In 1985 and 1987 the hatching of larval king crabs Densities of king crab larvae over the 4 yr period were comparable to all but the highest densities of king crab larvae measured in the Bering Sea from 1969 to 1983 (Haynes 1974 , McMurray et al. 1984 . In 1987, king crab larval denstities were similar to those obtained from Auke Bay in the same year with different sampling methods (Coyle & Paul 1988) . Differences between years in density of stage 1 zoeae may be attributable to the standing stock of ovigerous crabs, the number of eggs per female and to survival of embryos through development to hatching. Interannual variability in zoeal density of Dungeness crabs, Cancer magister was similar to that we measured for king crab larvae, with a 5-fold variation in maximum Dungeness crab zoeal density measured over a 5 yr period (Reilly 1983) .
Primiparous crabs, females in their first reproductive season, have smaller carapace sizes and, in the laboratory, release larvae 2 to 3 wk before the larger multiparous females (Shirley & Shirley 1988b, M. Carls pers. comm.) . A bimodal peak in the density of stage 1 zoeae in 1986 was evidence of 2 distinct hatching periods and may indicate the presence of a substantial number of primiparous crabs in the population. The density of stage 1 zoeae was greatest in 1987, possibly indicating synchronized hatching of a predominantly multiparous population of female crabs. The density of stage 1 zoeae was low in 1988 with the early hatching larvae presumably released from primiparous crabs.
The bimodal density curve of stage 1 red lung crab zoeae was not unlike the larval density curves of crustaceans in which portions of the populations spawn biennially rather than annually (Andersson 1962) , but red lung crabs are annual spawners. Laboratory culture of over 150 ovigerous lung crabs at ambient and experimental temperatures has provided convincing evidence that unhatched eggs are not carried through a second winter (Shirley & Shirley 1988b) .
The time of larval release was influenced by the primiparous or multiparous condition of the female and by the water temperature during incubation of the eggs (Shirley et al. 1987, Shirley & Shirley 198813) . Ovigerous crabs incubated in the laboratory at different temperatures from the time of egg deposition to hatching exhibited incubation periods that were inversely related to incubation temperature (Nakanishi 1987 , Shirley & Shirley 1988b . Hatching in Dungeness crabs also occurred earlier in years with warmer water temperatures compared to years with colder water temperatures (Reilly 1983) . Although bottom water temperatures in Auke Bay were not measured throughout the entire annual incubation period, warmer water temperatures in the late winter and spring of 1987 and 1988 corresponded to earlier appearances of lung crab zoeae in the plankton.
Water temperature also affects length of the planktonic larval period by influencing the length of larval intermolt periods (Kurata 1960 , Nakanishi 1987 . The bimodal release of larvae from primiparous and multiparous females lengthens the total larval period because stage 1 zoeae are present in the water column longer. In 1985 and 1987, hatching occurred within a short interval, and the length of larval periods in those years may have been influenced primarily by colder water temperatures. Water temperatures were warmer in 1988 than in 1986 and should have resulted in a shorter larval period, but 3 maxima of hatching were evident in 1988 resulting in a prolonged period of larval release.
Estimated mortality and survival of king crab larvae varied between years from 1985 to 1988; survival to glaucothoe ranged from 0.7 to 3.0 O/O and survival from zoeal stages 1 to 4 ranged from 12.6 to 14.9 %. Previous estimates of survival of king crab zoeae from egg to first benthic instar crab were less than 2 O/O (Marukawa 1933 , Bright 1967 , Fukuhara 1985 . Mortality for 1987 and 1988 could be slightly higher than reported because low densities (< 1.0 100 m-3) of stage 1 zoeae were present in the plankton before sampling began and were not included in mortality calculations from stage 1 to stage 2.
Mortality estimates from instar analysis are based on the assumptions that development is isochronal and that immigration of larvae into the study area is equal to emigration. In laboratory s t u l e s , the intermolt period for zoeal stages 1 through 3 was isochronal and was ca 14 d at 6 'C (pers. obs.). Emigration and immigration of king crab larvae in Auke Bay may be unimportant as suggested by the following evidence. Concurrent zooplankton sampling at lower intensity (one sample per station per week) during our study period found similar densities of lung crab larvae inside and outside of the bay, while larval densities at different stations within the bay were also similar except after exchanges of water between the bay and outside waters caused by infrequent, sustained high winds (Coyle & Paul 1988) . Decreases in the density of king crab larvae at our sampling station throughout the study period were not correlated with the occurrences of such wind events. The settlement of glaucothoe in areas near our sampling area and the occurrence of first-instar and early juvenile crabs in intertidal habitats in Auke Bay (Molyneaux & Shirley 1988 ) also suggest that there is little movement of larvae away from the spawning area. Mortality estimates calculated from instar analysis do not lstinguish loss of larvae to settling or predation from loss due to starvation. A decrease in density between stage 4 zoeae and glaucothoe is expected due to settling of glaucothoe out of the water column. However, glaucothoe initially undergo a pattern of die1 vertical migration as do other king crab larval stages (Shirley & Shlrley 1987) . The length of time between the molt to glaucothoe and permanent settlement to the benthos is not known for red king crabs. Calculation of survival to stage 4 zoeae instead of to glaucothoe eliminates the uncertainty of loss of settling larvae. Nonetheless, the first 2 zoeal stages are the critical stages for survival of king crab larvae in relation to their timing with the spring phytoplankton bloom. Stages 1 and 2 are primarily herbivorous stages that would theoretically derive the greatest benefit from synchrony with the bloom.
Sources of mortality other than starvation are potentially very important but are not addressed in this study. Predation is difficult to estimate in the field, but may be a major contributor to larval mortality. The estimated mortality between larval stages may b e due partly to predation, but natural mortality occurs as larvae molt from one stage to the next. In the absence of predators, up to 50 O/O of stage 1 zoeae may die in the laboratory while attempting to molt (pers. obs.). Molting mortality may contribute greatly to the total mortality of h n g crab larvae.
Although considerable variation was measured in hatching time and length of larval period, the timing of the spring phytoplankton bloom was remarkably con-sistent from 1985 to 1988. The maximum chlorophyll concentrations occurred with~n an 11 d period from 29 April to 5 May over 4 yr. Chlorophyll abundance varied somewhat between years, but phytoplankton species composition was similar in all years except 1988 when the majority of diatoms in the bloom were Thalassiosira (Sato 1986 , Ziemann 1986 , Ziemann et al. 1987 .
The success or failure of Calanus finmarchicus nauplii is related to brood timing with spring diatom blooms (Marshal1 et al. 1934) . In contrast, survival of king crab larvae was related neither to temporal synchrony with the spring phytoplankton bloom nor to chlorophyll concentrations during the bloom. In 1985 and 1987, maximum densities of stage 1 zoeae coincided with the spring bloom. In 1986, the year of lowest larval survival, only the first hatching zoeae were synchronized with the bloom, while most stage 1 zoeae were present after the bloom. In 1988, only the last hatching zoeae coincided with the bloom, but larval survival was the highest of all 4 yr. Prey field abundance in Auke Bay may have been higher than the minimum required for survival by red king crab zoeae (A. J. Paul pers. comm.).
The substantial degree of interannual variability in the density, timing and survival of larval red king crabs and in hydrographic variables make predictions of recruitment unreliable. In a 6 yr study of Dungeness crabs in California, no relationship was established between larval abundance and subsequent recruitment of adult crabs to the commercial fishery (Reilly 1983) . The potential use of larval population attributes for long range predictions of recruitment success of red king crabs will require additional quantitative measurements of juvenile and/or adult crab densities for correlation with the larval plankton data.
